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Abstract –– A novel TPA derivative (TPA = tris(2-pyridylmethyl)amine) having two 
1,10-phenanthroline (phen) moieties via amide linkage was synthesized and this ligand 
reacted with [Ru(hmb)Cl2]2 (hmb: hexamethylbenzene) to give a trinuclear Ru(II) 
complex, [RuCl(TPA-{phenRuCl(hmb)}2-H+)](PF6)2 (1-Cl), in a moderate yield. The 
complex involves a deprotonated and oxygen-coordinated amide linkage, which 
exhibits reversible protonation-deprotonation equilibrium. The chlorido complex was 
converted to be an aqua complex, [Ru(H2O)(TPA-{phenRu(H2O)2(hmb)}2-H+)](SO4)5/2 
(1-H2O), by the reaction of 1-Cl with Ag2SO4 in H2O. Transfer hydrogenation of 
ketones was examined by using 1-Cl as a catalyst and HCOONa as a hydride source in 
H2O/CH3OH (1:1 v/v) at 50 °C under Ar. The time-course of the transfer hydrogenation 
of cyclohexanone to give cyclohexanol revealed that 1-Cl showed a cooperative effect 
on the catalytic reactivity as compared with that of mononuclear [RuCl(hmb)(phen)] 
(3-Cl) and [RuCl((1-Naph)2-TPA)]PF6 in H2O/CH3OH (1:2 v/v) under the same 
conditions. The detailed kinetic study has revealed that the catalytic transfer 
hydrogenation proceeds via the formato complex, which interacts with a substrate rather 
than via the hydrido complex. The two Ru centers placed at close proximity in 1-H2O 
enhanced the interaction of the formato complex with a substrate, resulting in an 
increase in the catalytic reactivity as compared with the mononuclear complex.  
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Introduction  
 
Transfer hydrogenation of carbonyl compounds has been one of useful strategies to 
obtain alcohols which are versatile synthetic precursors to give further functionalized 
compounds [1,2]. As a hydrogen source in transfer hydrogenation, alcohols such as 
2-propanol have been generally utilized [3,4], however, formic acid and formate salts 
have also been used as shown in Scheme 1 [5].  Since formic acid is a natural product 
which is produced by ants, the usage of formic acid and formate salts can provide a 
environmentally benign catalytic hydrogenation process [6], hydrogen production [7], 
and four-electron reduction of O2 [8]. As catalysts for the transfer hydrogenation, Rh(I) 
[9], Ru(II) [10], and Ir(III) complexes [11] have been used and proved to be effective 
catalysts. As ligands of the catalysts for transfer hydrogenation, arenes such as 
p-cymene [12] and hexamethylbenzene [13] for ruthenium(II) complexes have been the 
most popular ligands. In the course of the reaction, a hydride complex has been 
recognized as a key intermediate generated from the reaction of HCOO– with a metal 
complex concomitant with CO2 release [14].   
In catalytic transfer hydrogenation, Noyori and Ikariya and their coworkers have 
developed mononuclear Ru(II)-arene complexes having N-sulfonylated 1,2-diamines as 
ancillary ligands [15]. In their systems, the amine N-H acts as an acid to enhance the 
reactivity of substrates in cooperation with the Ru(II) center. This suggests that 
convergence of reaction centers and cooperative moieties in vicinity would provide 
higher reactivity than catalysts without aiding groups. 
 
HCOOH  + C
O
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H
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H
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Scheme 1. 
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In order to enhance the reactivity of transition metal catalysts, convergence of 
metal centers in the vicinity can be an important strategy to make them cooperative.  
This synergy effects have been exemplified in the catalytic activity of transition metal 
clusters capable of catalyzing sophisticated reactions [16].  Thus far, dinuclear transition 
metal catalysts for transfer hydrogenation have been investigated [17], however, no 
example has been reported on dinuclear catalysts bearing converged reaction centers to 
gain enhanced reactivity. In addition, no mechanistic insights have been given to 
transfer hydrogenation by those dinuclear catalysts.   
We report herein the synthesis and characterization of novel Ru(II)-TPA complexes 
(TPA = tris(2-pyridylmethyl)amine) having [Ru(X)(arene)(1,10- phenanthroline)] (X = 
Cl, H2O; arene = p-cymene, C6(CH3)6) moieties connected by amide linkages as a 
converged reaction center. Its application to the catalytic transfer hydrogenation of 
ketones with use of HCOONa as a hydrogen source was examined in aqueous media. 
The kinetic analysis on the transfer hydrogenation provides valuable insight into the 
catalytic mechanism. In this case, the Ru(II) ion coordinated to the TPA moiety acts as a 
template to converge the two amide-linked phen pendant arms as metal binding sites 
[18]. This strategy allows us to put two reaction centers in the close vicinity, enabling 
them to function in a cooperative manner.   
 
Results and Discussion 
 
Preparation of Ru-trinuclear Complexes 
A novel TPA derivative having two 1,10-phenanthroline (phen) pendants via amide 
linkage was synthesized by coupling reaction between bis(6-amino-2- 
pyridylmethyl)-(2-pyridylmethyl)amine (diamino-TPA) [19] and 4-chlorocarbonyl-phen 
[20] in tetrahydrofurane (THF) in the presence of triethylamine as a base and 4-(N, 
N-dimethylamino)pyridine (DMAP) as a catalyst. The ligand (TPA-phen2) was purified 
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by column chromatography on an activated alumina with CHCl3 as an eluent including 
1% of NH3 aqueous solution and isolated in 67% yield.   
 
N NH2
NN
2
N N
H
NN
2
O
N
in CH2Cl2
Stired at RT
overnight
Et3N
diamino–TPA phen2–TPAyield: 57 %
N
Cl
O
N
N
in MeOH
reflux for 3 h
[RuIICl2(hmb)]2 NH4PF6
2+
yield, 50 %
• 2PF6
phen2–TPA
Cl
RuII
N
N
N
O
N
N
O
H
N
N
N
N N
RuII
RuII
Cl
Cl
1-Cl
in MeOH
reflux for 6 h
[RuIICl2(p-cymene)]2 NH4PF6
2+
yield, 52 %
• 2PF6
phen2–TPA
Cl
RuII
N
N
N
O
N
N
O
H
N
N
N
N N
RuII
RuII
Cl
Cl
*
2-Cl  
Scheme 2. Synthetic routes of (phen)2-TPA, 1-Cl, and 2-Cl. 
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 The ligand reacted with dimeric precursor complexes, [RuCl2(arene)]2 (arene = 
hexamethylbenzene (hmb) and p-cymene (cym)), to give trinuclear Ru(II) complexes, 
[RuCl{TPA-(phenRuCl(hmb))2–H+}](PF6)2 (1-Cl) and RuCl{TPA-(phenRuCl- 
(cym))2–H+}](PF6)2 (2-Cl) in 50 and 52% yields, respectively.  1H NMR spectra of both 
complexes in CD3CN exhibited three AB quartets assigned to the methylene protons in 
the ligand, indicating an asymmetric coordination environment due to the coordination 
of one of amide oxygen atoms as observed in related Ru(II) complexes reported so far 
[18,19,21,22]. On the base of charge balance, the coordinated amide linkage should be 
deprotonated to make TPA-phen2 act as a monoanionic pentadentate ligand. This 
deprotonation may be derived from an electron-withdrawing effect of the cationic 
[RuCl(arene)(phen)]+ moiety to enhance the acidity of the N-H proton in the 
coordinated amide linkage. ESI-MS spectra of 1-Cl and 2-Cl showed peak clusters 
ascribed to {1-Cl–(PF6)2}2+ (m/z = 733.0) and {2-Cl–(PF6)2}2+ (m/z = 705.3), 
supporting the formation of the trinuclear complexes.   
 In order to make 1-Cl more soluble into aqueous media and to make it more 
reactive toward HCOO–, we converted 1-Cl to the corresponding aqua complex, 1-H2O, 
by the reaction of 1-Cl with Ag2SO4 in H2O. This complex was also characterized by 
absorption and 1H NMR spectroscopies and ESI-MS spectrometry. In the absorption 
spectrum of 1-H2O, an absorption band at 432 nm for the chloro complex 1-Cl 
disappeared and a shoulder peak was just observed at 416 nm. Its 1H NMR spectrum 
was broadened compared to the corresponding chloro complex probably due to slow 
exchange of the aqua ligands. The three AB quartets shifted to slightly upper field in 
comparison with those of 1-Cl. The complex exhibited a peak cluster at m/z = 727.6 
([M–3/2(SO4)-3H2O]2+). 
 
Transfer Hydrogenation Reactions 
We examined transfer hydrogenation of cyclohexanone (100 mM) to produce 
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cyclohexanol using 1-Cl and 2-Cl (0.5 mM) as catalysts with HCOONa (500 mM) as a 
hydrogen source at 50 °C in aqueous media, D2O/CD3OD (1:1 v/v for 1-Cl and 7:3 v/v 
for 2-Cl). By means of 1H NMR measurements on the reaction mixtures, catalytic 
turnover numbers (TON) were obtained to be 46 for 1-Cl (44 h) and 21 for 2-Cl (43 h), 
respectively. A blank experiment was performed to demonstrate that the transfer 
hydrogenations do not occur in the absence of catalyst. The turnover numbers were 
determined on the basis of the ratio of peak integration values of a multiplet signal due 
to cyclohexanone at 2.38 ppm between that at the beginning and that at an appropriate 
reaction time, since cyclohexanol giving a multiplet at 1.24 ppm was the sole product.  
Mononuclear complexes, [RuCl(phen)(hmb)]PF6 (3-Cl) [23,24] and 
[RuCl(phen)(cym)]PF6 [23.24], exhibited TONs of 13 and 4, respectively, under the 
conditions mentioned above.  Thus, we concluded that the hmb derivative should be 
more reactive than the cym counterpart.  We will discuss on the hmb complexes 
including 1-Cl hereafter.   
 Time-course of turnover numbers are shown in Fig. 1 for catalytic transfer 
hydrogenation of cyclohexanone (100 mM) by 1-Cl and 3-Cl (0.5 mM) with HCOONa 
(500 mM) in D2O/CD3OD (1:1 v/v) at 50 °C.  Since the Ru-TPA moiety was revealed to 
show only a low reactivity using [RuCl(1-naphthoylamide)2-TPA]PF6 under the same 
conditions, it is concluded that the catalytic reaction proceeds by the two pendant 
Ru(hmb)(phen) moieties. As can be seen in the figure, the turnover numbers of 1-Cl is 
nearly 3-fold larger than those of the mononuclear complex 3-Cl. Thus, a cooperative 
effect is operating between the two Ru(hmb)(phen) moieties in 1-Cl for the catalytic 
hydrogenation of cyclohexanone. 
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Fig. 1. Time-course of catalytic turnover numbers in transfer hydrogenation of 
cyclohexanone in D2O/CD3OD (1:1 v/v) at 50 °C under Ar.  Red line, 1-Cl; black line, 
3; blue dotted line, doubled values on the black line.    
 
 We also examined other ketones as substrates for transfer hydrogenation using 1-Cl 
and 3-Cl in D2O/CD3OD (1:1 v/v) at 50 °C under Ar.  The results are summarized in  
  
Table 1 
 Turnover numbers for transfer hydrogenation of ketones as substrates by 1-Cl and 3-Cl 
as catalysts at 50 °C under Ar.a 
O OH
O
OHO
OH
cat. product t (h)
1-Cl
3-Cl
100
39
80
80
148
148
100
34
substrate TON
 20
 20
100
42
conv. (%)
50
19
50
17
50
21
OH
H
O
H
256
256
100
36
50
18
1-Cl
3-Cl
1-Cl
3-Cl
1-Cl
3-Cl  
a Catalyst, 0.5 mM; substrate, 100 mM; HCOONa, 500 mM.  
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Table 1. Benzaldehyde, acetophenone, and benzophenone also underwent transfer 
hydrogenation to give benzyl alcohol, 1-phenylethanol, and diphenylmethanol as the 
sole products, respectively.  Among those, benzaldehyde was the most active substrate 
among ketones examined as substrates.  In order to obtain 100 turnovers by using 1-Cl, 
it took 20 h for benzaldehyde, 80 h for cyclohexanone, 148 h for acetophenone, and 256 
h for benzophenone.  In the same period of time, 3-Cl gave 42, 39, 34, and 36 as 
turnover numbers for corresponding substrates. The ratios of turnover numbers between 
that of 1-Cl and that of 3-Cl were in the range of 2.4 - 3.0, indicating all the substrates 
were hydrogenated at significantly higher rates by 1-Cl with converged reaction centers.  
Thus, it is concluded that all the examined substrates undergo transfer hydrogenation 
efficiently by a cooperative effect of the two reaction centers. 
 
Mechanistic Insights into Transfer Hydrogenation 
 The ESI-MS measurements were performed to detect the reaction intermediates for 
the catalytic hydrogenation with 1-H2O and 3-H2O. The formato complex (m/z = 489.2) 
was observed at 10 s after mixing the mononuclear complex 3-H2O [24] (0.1 mM) and 
HCOONa (10 mM) in H2O at 50 °C as shown in Fig. 2a (black line) and Fig. 2c.  At 30 
min the aqua complex was converted to the hydride complex of 3-H2O (m/z = 445.2) in 
Fig. 2a and Fig. 2b. For the aqua complex 1-H2O, peak clusters assigned to a 
monoformato and a monohydrido complex ({1-H2O – 3H2O + HCOO– – H+ + H–}2+ = 
703.0) were observed at 30 min after mixing 1-H2O and HCOONa (Fig. 3).  It should be 
noted that no peaks assignable to a diformato complex were observed. 
 The kinetics for the formation of the hydrido complexes derived from 1-H2O and 
3-H2O was examined by following absorption spectral change in the course of the 
reactions of 1-H2O and 3-H2O with HCOO–. The hydrido complex derived from 1-H2O 
exhibited the absorption maximum at 500 nm (Fig. 4a) and the time profile of an 
increase in absorbance at 500 nm obeyed the pseudo-first-order kinetics (Fig. 4b). 
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Fig. 2.  (a) ESI-MS spectra observed in the reaction of 3-H2O with HCOONa (10 mM) 
in water at 323 K (black: 10 s, red: 30 min). (b) ESI-MS spectrum of the monohydrido 
complex of 3-H2O and its isotope simulation spectrum. (c) ESI-MS spectrum of the 
formate complex of 3-H2O and its isotope simulation spectrum. 
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Fig. 3.  (a) ESI-MS spectra observed in the reaction of 1-H2O with HCOONa (10 mM) 
in water at 323 K (black: 10 s, red: 30 min). (b) ESI-MS spectrum of the monohydrido 
complex of 1-H2O and its isotope simulation spectrum. (c) ESI-MS spectrum of the 
formate complex of 1-H2O and its isotope simulation spectrum. 
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Fig. 4.  (a) Absorption spectral change observed in the reaction of 1-H2O (0.10 mM)  
with HCOONa (10 mM) in water at 323 K. (b) Time profile of absorbance at 500 nm 
due to the hydrido complex derived from 1-H2O.  
	  
The observed pseudo-first-order rate constant (kobs) exhibits a saturation behavior 
with increasing concentration of HCOO– (Fig. 5). The formation of the hydrido 
complex from 3-H2O exhibits similar kinetic behavior (Fig. S1). The saturation 
behavior of kobs relative to the concentration of HCOO– suggests that the formation of 
the hydrido complexes proceeds via the formato complexes as shown in Scheme 3.   
 
CO2
[Ru-OCHO]+
HCOO–
H2O
[Ru-OH2]2+ [Ru-H]+
kn'Kn'
 
Scheme 3 
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Fig. 5.  Plots of kobs vs. [HCOO–] for the reaction of 1-H2O (red, 0.10 mM) and 3-H2O 
(black, 0.10 mM) with HCOONa (10 mM) in water at 323 K. 
 
According to Scheme 3, the dependence of kobs on concentration of HCOO– is given by 
Eq. (1). By fitting the data in Fig. 5, the formation constants of the formato complexes 
derived from 1-H2O and 3-H2O (K1 and K2, respectively) and the rate constants of the 
formation of 
 
 kobs = (knKn[HCOO–]) / (1 + Kn[HCOO–])      (n = 1, 2)                        (1) 
 
the hydrido complexes of 1-H2O and 3-H2O (k1 and k2, respectively) were determined to 
be K1 = 167 M–1, K2 = 87 M–1, k1 = 1.3 x 10-3 s-1, k2 = 2.5 x 10-3 s-1. 
 Next, the rates of reactions of the hydride complexes of 1-H2O and 3-H2O with 
cyclohexanone were determined by monitoring the decay of absorbance at 500 and 450 
nm due to the hydrido complexes derived from 1-H2O and 3-H2O, respectively. The 
absorption spectral change in the course of reaction of the hydrido complex derived 
from 1-H2O with cyclohexanone is shown in Fig. 6a. The decay of absorbance at 500 
nm due to the hydrido complex derived from 1-H2O obeys pseudo-first-order kinetics 
(Fig. 6b) and the pseudo-first-order rate constant (kobs) exhibits a saturation behavior  
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Fig. 6.  (a) Absorption spectral change observed in the reaction of the hydride complex 
derived from 1-H2O (0.10 mM) with cyclohexanone (10 mM) in water at 323 K. (b) 
Time profile of absorbance at 450 nm due to the hydride complex derived from 1-H2O. 
 
with increasing concentration of cyclohexanone as shown in Fig. 7. Such a saturation 
behavior of kobs on substrate concentration suggests that the hydride complex forms a 
complex with cyclohexanone prior to the hydrogenation reaction (Scheme 4) [25].   
 According to Scheme 4, the dependence of kobs on substrate concentration [S] is 
given by Eq. (2), where K1' and k1' are the formation constant of the hydride-substrate  
 
kobs = kn’Kn’[S] / (1 + Kn’[S])   (n = 1, 2) (2) 
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complex of 1-H2O and the rate constant of the hydrogenation of cyclohexanone in the 
complex.  By fitting the data in Fig. 7, the formation constants of the hydrido-substrate 
complexes of 1-H2O (K1') and the rate constant of the hydrogenation reaction (k1') were  
2.5
2.0
1.5
1.0
0.5
0
k o
bs
, 1
0–
2 s
–1
0.200.150.100.050
[S], M  
Fig. 7.  Plots of kobs vs. concentration of cyclohexanone [S] for the reaction of the 
hydride complexes of 1-H2O (red, 0.10 mM) and 3-H2O (black, 0.10 mM) with 
cyclohexanone in water at 323 K. 
 
O OH
[Ru-H]+
kn'
[Ru-OH2]2+Ru
H
O
+
Kn'
 
Scheme 4. 
 
determined to be 43 M–1, k1 = 2.7 x 10-2 s-1, respectively. Similarly the K2' and k2' values 
of 3-H2O were determined to be 29 M-1 and 2.8 x 10-2 s-1, respectively. 
 The k1 and k2 values of formation of the hydrido complexes of 1-H2O and 3-H2O 
are one-order of magnitude larger than the k1' and k2' values of reactions of the hydrido 
complexes of 1-H2O and 3-H2O with cyclohexanone. In such a case, if the catalytic 
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hydrogenation of cyclohexanone with HCOO– proceeds via formation of the hydrido 
complexes, the TON would be constant irrespective of difference in substrates, because 
the formation of the hydrido complexes is the rate-determining step.  However, the 
TON is different depending on substrates (Table 1).  Such difference in TON suggests 
that a substrate interacts with the formato complexes prior to formation of the hydrido 
complexes under the catalytic transfer hydrogenation conditions as shown in Scheme 5.  
In such a case, the two Ru centers in the formato complex of 1-H2O facilitate the 
interaction with a substrate as compared with that of the mononuclear complex 3-H2O. 
Thus, the enhancement of the catalytic reactivity of 1-H2O as compared to the 
mononuclear complex 3-H2O may result from the cooperative function of two Ru 
centers in the formato complex of 1-H2O (Scheme 5). 
 
CO2
Aqua Complex
HCOO–
H2OH+
OH
RuII
5+
RuII
OH2
RuII O
C
H
O
4+
RuIII
RuII
RuIII
O
O
!–
!+
+ +
OH2
 
 
Scheme 5 
 
Summary and Conclusion 
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  We have synthesized a novel TPA derivative having two phen moieties via amide 
linkages at the 6-positions of the two pyridine rings of TPA. The ligand reacts with a 
dinuclear precursor complexes formulated as [RuCl2(arene)]2 to give novel trinulcear 
Ru(II) complexes. In the Ru(II)-TPA moiety, one of the amide oxygen atoms 
coordinates to the Ru(II) center which acts as a template to converge two 
[RuCl(arene)(phen)]+ moieties into a vicinity in its coordination sphere. Enhancement in 
the catalytic performance was observed for transfer hydrogenation of ketones by 
HCOONa as a hydride source with a trinuclear Ru(II) complex with converged reaction 
centers in D2O/CD3OD at 50 °C as compared to that of the mononuclear counterpart.  A 
monoformato complex derived from the reaction of 1-H2O with HCOONa and a 
hydride complex derived from β-elimination of the formato intermediate were detected 
by ESI-MS spectrometry.  The kinetic analysis revealed that the two Ru centers in the 
formato complex of 1-H2O facilitate the cooperative interaction with a substrate to 
enhance the catalytic reactivity as compared with that of the mononuclear complex 
3-H2O.   
 
Experimental Section 
 
Materials and Methods  
CH2Cl2 and triethylamine (Et3N) were distilled on CaH2 under N2 prior to use. 
Purification of water was performed with distilled water system. Phenanthroline-COOH 
(Phen–COOH) [20] and N,N-bis(6-amino-2-pyridylmethyl)-N-(2-pyridylmethyl)amine 
[19] were prepared according to literature methods. [RuIICl(phen)(hmb)]PF6 and 
[RuII(H2O)(phen)(hmb)]SO4 were prepared according to literature methods [23.24] and 
their purity was checked by elemental analysis [26]. Other chemicals were purchased 
from appropriate commercial sources and as received without further purification unless 
mentioned. All NMR measurements were performed on a JEOL AL-300 spectrometer, 
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and the chemical shifts were determined by using the residual solvent peak as reference. 
ESI-MS Spectra were recorded on API-300 triple-quadrupole mass spectrometer 
(PE-Sciex). UV-vis absorption spectra were recorded on Hewlett-Packard HP8453 
photodiode array spectrophotometer at room temperature and at 50 °C for the kinetics 
measurements.  
 
 Synthesis of N,N-Bis(6-phenanthrolineamide-2-pyridylmethyl)-N-(2-pyridylmethyl)- 
amine((phen)2-TPA)  
In a three-necked flask, phenanthroline-COOH (319 mg, 1.42 mmol) was added, 
dried under vacuum, and then the flask was filled with Ar. Thionylchloride (20 ml) was 
added as a reactant and the solvent, and the mixture was allowed to reflux for 4.5 h. The 
color of the solution was changed from colorless to orange, and then the solution was 
cooled to room temperature. The solvent was removed under vacuum, and the resulting 
bright orange residue was dissolved in CH2Cl2 (10 ml).  To the solution was added 
dropwise the solution of N,N-bis(6-amino-2-pyridylmethyl)-N-(2-pyridylmethyl)amine 
(227 mg, 0.71 mmol) and Et3N (1 ml) in CH2Cl2 (15 ml). After completion of the 
addition, the reaction mixture was stirred at room temperature for overnight.  The white 
precipitate of triethylammonium chloride was filtered off and the filtrate was washed 
with saturated aqueous NaHCO3, followed by water, and then dried over MgSO4. 
Column chromatography on aluminum oxide eluted with chloroform/1% NH3 (aq) 
(95:5) (Rf: 0.30) gave (phen)2-TPA (258 mg) as a white powder in 60 % yield.  Anal. 
Calcd for C44H35N10O3.5 ((phen)2-TPA･3/2H2O): C, 69.50; H, 4.64; N, 18.43. Found: C, 
69.42; H, 4.65; N, 18.32.  1H NMR (CD2Cl2): δ  3.69 (s, 4H, CH2-py-6-Phen), 3.79 (s, 
2H, CH2-py), 7.05 (t, J = 6 Hz, 1H, py-H3), 7.22 (d, J = 7 Hz, 2H, H3-py-6-phen), 7.47 
(m, 8H, H4, H5 of py and H3, H6, H8 of phen), 7.67（t, J = 7.2 Hz, 2H, H4 of 
py-6-phen）, 7.85（d, J = 8.1 Hz, 2H, H5 of phen）, 7.99（d, J = 8.1 Hz, 2H, H2 of phen）, 
8.17（d, J = 7.3  Hz, H5 of py-6-phen）, 8.36（d, J = 4.0  Hz, 1H, H2 of py）, 8.68 (d, J 
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= 4.1 Hz, 2H, H6 of Phen), 8.95 (d, J = 3.5  Hz, 2H, H9 of phen), 9.90 (s, 2H, amide 
N-H) (Fig. S2).  ESI-MS: m/z = 732.5 ([M + H]+).  
 
Synthesis of [RuIICl((phen)2-TPA–H+)RuII2Cl2(p-cymene)2](PF6)2 (2-Cl)  
A mixture of (phen)2–TPA (50 mg, 0.068 mmol) and [RuIICl2(p–cymene)]2 (63 mg, 
0.102 mmol) was refluxed for 6 h in methanol (10 ml).  After filtration, NH4PF6 (55 mg, 
0.34 mmol) was added to the filtrate and the solution was condensed under reduced 
pressure and then a brown powder emerged. After filtration, the residue on the filter 
paper was washed with dry ethanol and diethylether. The solid obtained was 
recrystallized from methanol (62 mg, 52% yield). Anal. Calcd for 
C64H60.5N10O2Ru3P2.5F15 (1/2(2-Cl)•1/2(2-Cl+H+•PF6)): C, 43.34; H, 3.44; N, 7.89. 
Found: C, 43.15; H, 3.53; N, 7.79. 1H NMR (CD3CN): δ  0.87, 0.95, 1.03, 1.13 (d, J = 
6.1 Hz, 12H, cym-iPr-CH3), 2.25, 2.28（s, 6H, cym-CH3）, 2.70, 2.72（h, J = 6.6 Hz, 2H, 
cym- iPr-CH）, 4.28, 4.66 (ABq, 4H, eq CH2), 5.02 (ABq, 2H, ax CH2), 5.45(t, J = 5.4 
Hz, 1H, pyr-H4), 6.18（m, 8H, cym-H2, 3, 5, 6）, 8.02（t, J =  5.6 Hz, 1H, phen’’-H8）, 
8.14（t, J = 7.2 Hz, 1H, phen’-H8）, 6.81（d, J = 4.0 Hz, 1H, pyr-H6）, 7.08（d, J = 7.9 
Hz, 1H, pyr-H3）, 7.20（t, J = 6.4 Hz, 1H, pyr-H4）, 7.53（t, J = 6.6 Hz, 1H, pyr’’-H4）, 
7.92（t, J = 8.4 Hz, 1H, pyr’’-H4）, 6.97（d, J = 6.6 Hz, 1H, pyr’-H5）, 7.05（d, J = 7.1 
Hz, 1H, pyr’-H3）, 7.32（d, J = 6.9 Hz, 1H, pyr’’-H5）, 8.26（d, J   = 7.9 Hz, 1H, 
pyr’’-H3）, 8.47（d, J = 8.5 Hz, 1H, pyr’-H6）, 8.67（d, J = 7.4 Hz, 1H, phen’’-H7）, 
9.71（d, J = 3.8 Hz, 1H, phen’’-H9）, 9.78（d, J = 3.6 Hz, 1H, phen’-H7）, 10.07（d, J 
= 4.9 Hz, 1H, phen’-H9）, 6.41–8.99 (m, 8H, phen-H) (Fig. S3).  ESI-MS: m/z = 705.3 
([M–2(PF6)]2+) (Fig. S4).  λmax (nm), ε (M–1 cm–1) (in CH3CN): 410 (br), 2.0 × 104; 270, 
1.26 ×105 (Fig. S5). 
 
Synthesis of [RuIICl((Phen)2-TPA–H+)RuII2Cl2(hmb)2](PF6)2 (1-Cl)   
This compound was prepared by a similar procedure with [RuIICl2(hmb)]2 (70 mg, 
0.102 mmol) as described above except the reaction time: refluxing for 3h. (60 mg, 50% 
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yield) Anal. Calcd for C68H68N10O2Cl3Ru3 P2F12 C, 46.49; H, 3.90; N, 7.79. Found: C, 
46.27; H, 4.00; N, 8.21.  1H NMR (CD3CN): δ  4.26-5.34 (ABq (broadening), -CH2-), 
7.03-9.37 (multiplet, aromatics) 10.0 (s, amide-NH). (λmax (nm), (M-1 cm-1)) in CH3CN: 
432 (br), 1.5 × 104; 276, 8.0 ×104 (Fig. S6). ESI-MS: m/z = 733.0 ([M–2(PF6)]2+) (Fig. 
S7b).   
 
Synthesis of [RuII(H2O)((Phen)2-TPA–H+)RuII2(H2O)2(hmb)2](PF6)5 (1-H2O)  
 To the solution of 1-Cl (50 mg, 0.029 mmol) in water (10 ml), Ag2SO4 (13.7 mg, 
0.044 mmol) was added to reflux for 1 hour with aluminum foil for blind lights. The 
solution was filtrated to remove AgCl, then solvent was evaporated to yield brown solid 
1-H2O. 1H NMR (CD3CN): δ  1.77, 1.90 (s, hmb-Me), 3.55-4.94 (ABq (broadening), 
-CH2-), 6.95-9.43 (multiplet, aromatics). ESI-MS: m/z = 727.6 ([M–3/2(SO4)-3H2O]2+) 
(Fig. S7a). Absorption spectrum: λmax (nm), ε (M-1 cm-1) (in H2O): 416 (shoulder), 7.8 × 
103; 280, 2.9 × 104 (Fig. S8). 
 
Transfer Hydrogenation Reactions   
Substrates (0.06 mmol) and HCOONa (20.4 mg, 0.3 mmol) were dissolved in 
D2O/CD3OD (1:1) (0.6 ml) under N2 atmosphere. The mixture was heated and kept at 
50 ℃ during reaction time and then cooled to room temperature and the resulting 
mixture was analyzed by 1H NMR measurements. Since each reaction for a carbonyl 
compound gave only one alcoholic product, we determined conversion of reaction as 
the ratio of peak integration value at the beginning and that at an appropriate reaction 
time. To determine the amount of the product, we used the amount of consumed 
substrate and calculated the turnover number by dividing that by the amount of catalyst 
used.  We used the peaks at 2.34 ppm for cyclohexanone, 9.94 ppm for benzaldehyde 
(-CHO), 2.79 ppm for acetophenone (-CH3), and 7.57 ppm (o-H) for benzophenone for 
determination of the amount of substrates in the course of the reactions.   
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Kinetics of Hydrido Complexes 
1-H2O or 3-H2O (0.2 mmol) was dissolved in H2O (2 ml) under Ar atmosphere.  
Aqueous HCOONa solution (2 M) was added to the 1-H2O or 3-H2O solution to be (10, 
100, 500, and 1000 mM) and heated at 50 ℃ for requisited times. The mixture was 
monitored by UV-vis spectroscopic measurements at 500 nm for 1-H2O and 450 nm for 
3-H2O. The mixture was diluted with MeOH (mM) and analyzed by ESI-MS. To the 
mixture was added cyclohexanone (0.02, 0.2, 1, and 20 mmol) and was analyzed by 
UV-vis spectrum measurements at 500 nm for 1-H2O and 450 nm for 3-H2O. 
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